Harris RB. In vivo evidence for unidentified leptin-induced circulating factors that control white fat mass. Am J Physiol Regul Integr Comp Physiol 309: R1499 -R1511, 2015. First published October 14, 2015 doi:10.1152/ajpregu.00335.2015.-Fat transplants increase body fat mass without changing the energy status of an animal and provide a tool for investigating control of total body fat. Early transplant studies found that small pieces of transplanted fat took on the morphology of the transplant recipient. Experiments described here tested whether this response was dependent upon expression of leptin receptors in either transplanted fat or the recipient mouse. Fat from leptin receptor deficient db/db mice or wild-type mice was placed subcutaneously in db/db mice. After 12 wk, cell size distribution in the transplant was the same as in endogenous fat of the recipient. Thus, wild-type fat cells, which express leptin receptors, were enlarged in a hyperleptinemic environment, indicating that leptin does not directly control adipocyte size. By contrast, db/db or wildtype fat transplanted into wild-type mice decreased in size, suggesting that a functional leptin system in the recipient is required for body fat mass to be controlled. In the final experiment, wild-type fat was transplanted into a db/db mouse parabiosed to either another db/db mouse to an ob/ob mouse or in control pairs in which both parabionts were ob/ob mice. Transplants increased in size in db/db-db/db pairs, decreased in db/db-ob/ob pairs and did not change in ob/ob-ob/ob pairs. We propose that leptin from db/db parabionts activated leptin receptors in their ob/ob partners. This, in turn, stimulated release of unidentified circulating factors, which travelled back to the db/db partner and acted on the transplant to reduce fat cell size. fat transplant; db/db mice; parabiosis; fat cell size PARABIOSIS STUDIES BY HERVEY (23, 24) , in which two rats were joined surgically to establish chronic blood exchange between the members of the pair, demonstrated the presence of a circulating factor in the feedback control of body fat mass. Later studies in which one partner was made obese by overfeeding confirmed that normal parabiotic partners of obese rats lost a majority of their body fat (17, 18) and that this occurred in the presence of a small, but essential reduction in food intake (19). Studies with genetically obese ob/ob mice and db/db mice indicated that ob/ob mice were deficient in the hypothesized circulating factor, whereas the db/db mice were able to produce the factor, but were unable to respond to its effects on food intake or body composition (7, 8) . Subsequently, Zhang et al. These studies implied that leptin was the long sought after parabiosis "signal", and there is now a large body of literature demonstrating that leptin administration in normal-weight animals inhibits food intake and specifically depletes body fat stores (6, 11, 20) . Blood exchange between parabiotic partners is relatively slow, and this excludes many nutrients and hormones, such as glucose and insulin as potential feedback signals because they are cleared from the circulation faster than they exchange between parabiotic partners (18, 19, 37) . The half-life of leptin is such that it does exchange effectively in parabiosed mice, but concentrations do not equalize in the members of pairs containing one hyperleptinemic db/db mouse and one leptin-deficient ob/ob mouse (21).
PARABIOSIS STUDIES BY HERVEY (23, 24) , in which two rats were joined surgically to establish chronic blood exchange between the members of the pair, demonstrated the presence of a circulating factor in the feedback control of body fat mass. Later studies in which one partner was made obese by overfeeding confirmed that normal parabiotic partners of obese rats lost a majority of their body fat (17, 18) and that this occurred in the presence of a small, but essential reduction in food intake (19) . Studies with genetically obese ob/ob mice and db/db mice indicated that ob/ob mice were deficient in the hypothesized circulating factor, whereas the db/db mice were able to produce the factor, but were unable to respond to its effects on food intake or body composition (7, 8) . Subsequently, Zhang et al. (47) identified the mutant protein in ob/ob mice as the adiposederived cytokine leptin, and Tartaglia et al. (42) demonstrated that leptin receptors were mutated in db/db mice, consistent with the results of parabiosis studies.
These studies implied that leptin was the long sought after parabiosis "signal", and there is now a large body of literature demonstrating that leptin administration in normal-weight animals inhibits food intake and specifically depletes body fat stores (6, 11, 20) . Blood exchange between parabiotic partners is relatively slow, and this excludes many nutrients and hormones, such as glucose and insulin as potential feedback signals because they are cleared from the circulation faster than they exchange between parabiotic partners (18, 19, 37) . The half-life of leptin is such that it does exchange effectively in parabiosed mice, but concentrations do not equalize in the members of pairs containing one hyperleptinemic db/db mouse and one leptin-deficient ob/ob mouse (21) .
Thus, there is an abundance of evidence to support the notion that leptin is a circulating feedback signal in the regulation of energy balance, but in vitro, studies show little evidence of a direct effect of leptin on adipocyte metabolism (15) . Although central leptin has been shown to inhibit adipocyte lipogenesis (6) , other studies have shown that peripheral leptin administration reduces the size of denervated white fat depots (40, 46) , and Park et al. (38) reported that both central and peripheral leptin receptors are required for control of body fat by leptin. We have previously reported (45) that pharmacological doses of leptin are required to inhibit preadipocyte proliferation in vitro, whereas low concentrations (0.25% by volume) of serum from rats that had received a 7-day peripheral infusion of 100 g leptin/24 h significantly inhibit preadipocyte proliferation. These data suggest that there is a leptin-dependent release of one, or more, circulating factors that act directly on adipose tissue to inhibit growth.
A procedure that allows for investigation of the control of body fat in vivo is to surgically transplant fat from a donor and determine what happens to the transplanted fat, in addition to the impact the transplant has on endogenous fat in the transplant recipient. Early studies by Ashwell (2) and Meade et al. (34) demonstrated that fat took on the anatomic characteristics of the host mouse when it was transplanted under the kidney capsule of lean or obese mice, which implies that fat mass is determined by environment rather than any intrinsic property of the fat cells. The experiments described here follow up on these earlier studies (2, 34) and test whether leptin receptors are required for transplanted fat to adapt to its environment by transplanting fat from wild-type or leptin receptor-deficient db/db mice into db/db or wild-type recipient mice. The final experiment used parabiosed db/db and ob/ob mice to test whether transplanted fat responds to a circulating factor that is released in response to activation of leptin receptors.
METHODS
All wild-type and db/db mice used in these studies were obtained from breeding colonies maintained at the University of Georgia or Georgia Regents University. Male ob/ob mice used in experiment 4 were purchased from Jackson Laboratories (Bar Harbor, ME). Animal procedures were approved by the University of Georgia and/or Georgia Regents University Institutional Animal Care and Use Committees. The mice were housed in temperature-controlled rooms maintained at 21-23°C and ϳ50% humidity. Lights were on for 12 h each day from 7:00 AM. The mice were housed in shoe-box cages on Tek-Fresh bedding (Harlan Teklad, Madison, WI) and had continuous free access to mouse chow (Mouse diet 5015, PMI Nutrition International, Brentwood, MO) and water. Two genotypes of db/db mice were used. The first was C57BL/6J db Lepr /db Lepr , which expresses the short and circulating isoforms of the leptin receptor, but not the long-form leptin receptor (ObRb) (32) . A different point mutation in the gene causes a frame shift that results in animals that express only the circulating isoform of the leptin receptor, ObRe (31) . This mutation, C57BL/6J Lepr db3J /Lepr db3J , will be referred to here as db 3J /db 3J and served as a negative control for the potential activation of short-form leptin receptors in db Lepr /db Lepr mice. Surgeries were performed on 40-day-old animals; transplant donors and recipients were matched for sex and genotype for Experiment 1 or were littermates of the same sex as the recipient if fat were being transplanted between wild-type and db/db mice. Fat from donor mice was dissected, rinsed in sterile saline, weighed, and cut into pieces; two pieces were placed subcutaneously on the ventral surface of each recipient mouse. A small midline incision was made below the rib cage of the recipient mouse, and a piece of fat was placed subcutaneously on either side of the incision. This location was selected because it is one of the few locations on a db/db mouse that has only a small amount of subcutaneous fat. Sham mice were anesthetized and skin incisions were made, but no fat was transplanted. Mice were housed individually, and body weights were recorded daily. In Experiments 1, 2, and 3, single mice were euthanized 12 wk after placement of the transplant. Food was removed from the cages at 7:00 AM, and blood and tissue collection started 4 h later. At the end of the study, the transplants were dissected and weighed, and a piece ϳ50 mg was weighed and fixed in osmium tetroxide for determination of cell size and number using a particle counter (Multisizer III, Beckman Coulter, Brea, CA), as described previously (14) . Transplants were easily visualized because they appeared as a small independent depot, even if they touched endogenous fat in the recipient. ING, EPI, parametrial, retroperitoneal, perirenal, and mesenteric fat pads were weighed, and a piece of ING fat from female mice or EPI fat from male mice was fixed for determination of fat cell size and number. Trunk blood was collected for measurement of serum leptin (mouse leptin RIA kit; EMD Millipore, Billerica, MA), insulin (mouse insulin RIA, EMD Millipore), glucose (glucose oxidase assay kit; Sigma Chemical, St. Louis, MO), and free fatty acids (NEFA-C kit, WAKO Chemicals, Richmond, VA). The carcasses were analyzed as described previously (17) . Carcasses of recipient mice were analyzed without the transplants. Briefly, each carcass without the gastrointestinal tract, was autoclaved in a sealed container for 20 min. Subsequently an equal weight of water was added, and the carcass was homogenized with a polytron. Triplicate 8-g aliquots of homogenate were extracted for total lipid using chloroform-methanol extraction for determination of carcass fat. A second set or triplicates were placed in crucibles and dried to constant weight at 60°C in a convection oven for determination of carcass water. The crucibles were then held at 500°C for 8 h for measurement of ash content. Carcass protein was calculated by the difference. 3J /db 3J mice was used for transplants (120 -150 mg). The size of transplants in this study was limited by the size of wild-type ING fat depots. At the end of the study, fat depots and the transplanted fat were dissected and weighed as described above, and serum leptin was measured. Samples of ING fat from the transplant recipients and controls were used to measure PPAR␥ and Ki-67 by Western blot. Groups of male and female mice that were the same age as the transplant recipients were euthanized at the same time to determine whether the transplanted fat had influenced endogenous fat pad mass.
Experiment 4: transplant of wild-type fat into parabiosed obese mice. Experiment 2 showed that wild-type fat, which expressed leptin receptors, transplanted into db 3J /db 3J mice, which were hyperleptinemic, enlarged rather than decreased in size, whereas Experiment 3 showed that db 3J /db 3J fat and wild-type fat placed in a wild-type mouse decreased in size. These data implied that leptin did not act directly on adipose tissue to reduce fat depot size, but that the presence of leptin receptors in the wild-type recipient resulted in a decrease in the size of the transplant. This study tested whether leptin receptor activation was required to initiate release of a second circulating factor, which then contributed to a reduction in the size of the fat transplant. Individual mice that were to be joined in parabiotic pairs were housed together for 3 or 4 days before surgery. Parabiosis surgery was performed when the animals were 40 days of age, as described previously (12) . The animals were anesthetized with isoflurane and were treated with analgesic (Ketofen: 2 mg/kg ip) before surgery and again 24 and 48 h after surgery. At the same time as the mice were parabiosed, a transplant of ING fat was placed subcutaneously on the ventral surface of the recipient partner. Transplants weighed 200 -350 mg. Four ob/ob pairs did not receive a transplant and controlled for the possibility that leptin released from transplanted fat would reduce endogenous fat mass in ob/ob mice that received leptin-expressing transplants. Following surgery, the pairs were housed in cages with food scattered in the bedding to facilitate access, and the cages were placed on heating pads to help the mice maintain body temperature. Six of twenty-two pairs of db 3J /db 3J -db 3J /db 3J , five out of eighteen ob/ob-db 3J /db 3J pairs, and two of eleven pairs of ob/ob-ob/ob mice died within a week of surgery. The cause of death was not determined, but we have previously found that parabiosed obese mice are highly susceptible to hypothermia (12, 13) . The pairs were weighed daily and were killed 17 days after surgery. This early time point was chosen because ob/ob partners of db/db mice lose 50 -60% of their body weight and body fat within this time period (13) .
Mice were killed by decapitation, and trunk blood was collected from individual members of a pair for measurement of serum leptin. The two carcasses were separated along the union, fat pads and liver of each mouse were weighed, and the transplanted fat was dissected out and weighed. A small piece of the transplant was fixed in osmium tetroxide for determination of cell size distribution. Body composition was determined for individual members of a pair.
Data analysis. Statistically significant differences between treatment groups were determined using Statistica software version 9.0 (StatSoft, Tulsa, OK). Differences were considered significant at P Ͻ 0.05. Single end-point measures were compared by unpaired t-test, one-way ANOVA, or two-way ANOVA depending upon experimental design. Daily measures of food intake or body weight were compared by repeated-measures ANOVA. Post hoc differences were determined using Duncan's multiple-range test.
RESULTS

Experiment 1: transplant of db/db fat into db/db mice.
In this experiment, fat from db/db mice was transplanted into db/db mice matched for sex and genotype to test whether fat transplanted retained its morphological phenotype and whether the recipient mouse responded to an increase in body fat mass in the absence of leptin receptors. There was no difference in the weights of db Lepr 
/db
Lepr and db 3J /db 3J mice at the start of the study, and there was no effect of gene, sex, or transplant on weight gain during the 12 wk of the experiment (Table 1) . At the end of the study, the weight of all transplants was significantly lower than when it had been placed in recipient mice (Fig. 1A) . Because the weight of fat transplanted into different mice varied significantly, the weight of each transplant removed was expressed as a percentage of its original weight (Fig. 1B) . Transplants removed from male db Lepr /db Lepr mice were significantly larger as a percentage of their original weight than those in male db 3J /db 3J mice (gene ϫ sex: P Ͻ 0.01: Fig. 1B ). There was no effect of genotype on percent cell size distribution in the transplant for either male or female mice ( Fig. 1 , C-F). For both genotypes of females, there was no significant effect of treatment, but a significant effect of size (P Ͻ 0.0001) and a significant interaction (P Ͻ 0.0001) for the distribution. Transplanted fat in females contained fewer cells in the 120 -160-m cell size range and more in the 70 -100-m size range than in endogenous ING of sham or transplant recipient mice. Repeated-measures analysis showed a significant effect of treatment (P Ͻ 0.03), a significant effect of size (P Ͻ 0.0001) for both genotypes of male mice and a significant interaction (P Ͻ 0.001) in db 3J sham and transplant recipient mice of the same sex and genotype (data not shown). Male mice had a significantly greater lean mass than females (Table 1 : P Ͻ 0.0001). There were no significant differences in leptin, serum glucose, insulin, or free fatty acids (FFA) at the end of the study (data not shown). Experiment 2: transplant of wild-type fat into db/db mice. This study tested whether fat that expressed leptin receptors took on the phenotype of the obese transplant recipient, even in the presence of high concentrations of leptin. Similar to Experiment 1, placement of transplants of ING fat from wild-type mice had no effect on weight gain of db/db mice during the 12 wk of the study (Table 2) . By contrast to the results of Experiment 1, all of the transplants increased 3-to 4-fold in size when placed in db/db mice, but there was no effect of sex or genotype of the host on the percent increase in weight of the transplants (Fig. 2, A and B) . (Fig. 2C ), but there were no differences between transplants and endogenous fat of the other recipient db/db mice (Fig. 2, D-F ). There were no differences in the number of cells in transplants vs. endogenous fat when expressed per unit weight of tissue (Fig. 2G) . hematoxylin-and-eosin (H&E) staining confirmed the similar morphology of transplanted wild-type and endogenous db/db ING fat (Fig. 3) .
Transplants Lepr 
Lepr mice (P Ͻ 0.1) ( Table 2 : gene: NS, sex: P Ͻ 0.02, transplant: NS, gene ϫ transplant: P Ͻ 0.04). Parametrial fat in female mice was larger than the EPI fat in male mice and tended to be larger in db Lepr /db Lepr than db 3J /db 3J mice, but there was no effect of transplant on either fat depot. (Table 2 : gene: P Ͻ 0.04, sex: P Ͻ 0.0001, transplant: NS, interactions: NS). There were no significant differences in the size of retroperitoneal or mesenteric fat depots of any of the groups of mice (data not shown).
Percent carcass fat was greater in female than in male mice, but there was no effect of transplanting fat on the endogenous fat content of any of the groups of mice (Table 2 : gene: NS, sex: P Ͻ 0.04, transplant: NS, gene ϫ transplant: P Ͻ 0.01, sex ϫ transplant: P Ͻ 0.01). Lean tissue tended to be greater in male than female mice, but there was no impact of fat transplants on lean body mass of any group of mice (Table 2 : gene: NS, sex: P Ͻ 0.04, transplant: NS, sex ϫ transplant: P Ͻ 0.03). All of the db/db mice were hyper-leptinemic, but leptin was lower in male db 3J /db 3J mice than the other groups ( (Fig. 4A) . Even though larger pieces of db 3J /db 3J fat than wild-type fat were transplanted into the mice, the final weights of the two transplants were not different. This was true for both males and females, even though the final weight of the transplants was higher in males than females ( (Fig. 4C ) indicated that ING, gonadal, and retroperitoneal fat tended to be smaller in transplant recipient than control mice, but this difference reached significance only for the ING fat in female mice. There were no differences in serum leptin or in PPAR␥ or Ki-67 protein expression in ING fat from male or female transplant recipient and control mice (data not shown). decreased in size and those in pairs of two ob/ob mice did not change during the 17 days of the study. This was true whether the size of the transplant was expressed as an actual weight or as percent original weight (Fig. 5B ). There were no significant differences in cell size distribution for the transplants from the different pairs (data not shown transplants, and partners of ob/ob mice that received transplants (Table 5 ).
DISCUSSION
The objective of these studies was to determine the importance of adipocyte leptin receptors in mediating the response to a surgical increase in body fat mass caused by a fat transplant. We tested the importance of leptin receptors both in the fat that was transplanted and in the recipient of the transplant. Overall, the results support the conclusion that leptin does not act directly on adipose tissue to control body fat mass, but that it may promote release of other circulating factors that influence the size of white adipose tissue (see Fig. 6A ). Therefore, leptin receptors are involved in the control of white fat mass, but only as part of a cascade that may be initiated in a tissue other than white fat. These results are consistent with our previous observations (45) that serum from leptin-treated rats, but not leptin alone, inhibits cell proliferation in primary adipocyte culture. We have also shown that serum from overfed obese, but not Zucker fatty, rats inhibits adipocyte lipogenesis (16) , and it remains to be determined whether this "antilipogenic" factor is the same factor that limits preadipocyte proliferation or transplant size.
In the first two experiments, where fat was transplanted into db/db mice that were hyperleptinemic, but leptin receptordeficient, the final size of the transplant was similar irrespective of whether the transplant had been donated by wild-type or by db 3J /db 3J mice. In order for this to occur, the wild-type transplant increased in size, whereas the obese transplant decreased during the experiment. There were fewer largediameter cells and more small-diameter cells in the obese transplant compared with endogenous fat. Whereas the cell diameter was increased in the wild-type transplant, compared with inguinal fat from a wild-type mouse. These results are very similar to those reported by Ashwell and Meade (4), who transplanted fat into mice that became obese following gold thioglucose (GTG) injection. Fat from a lean mouse was transplanted under one kidney capsule, and fat from an obese GTG-mouse was placed under the other. The recipient obese GTG-mice were then food restricted for 3 wk, and at the end of this time, fat cell size distribution was the same for both of the transplants as for the endogenous fat of the recipient. Cell diameter in endogenous fat and in the obese transplant was reduced by food restriction, whereas cell diameter in the lean transplant had increased during the same time period. These observations, together with those reported here, indicate that transplanted fat takes on the morphology of the host primarily by controlling fat cell size. Our data show that this occurs irrespective of whether the fat expresses leptin receptors. We did not investigate systems that might control cell size, but Fig.  4B clearly shows that transplants had an established blood supply. It is possible that the transplants also were innervated, but Lacy and Bartness (29) suggested that the low levels of norepinephrine found in fat transplants in hamsters represented sympathetic innervation of the blood vessels, rather than of white fat cells. Some of the decrease in size of the db/db transplants may have been due to tissue necrosis, which may explain why there were fewer large cells in the db/db transplants than endogenous db/db fat in females. This effect had to Lepr fat was placed at the same time as mice were parabiosed. Tissues were collected 17 days later. Carcass fat content does not include the transplanted fat. Values for a specific parameter that do not share a common superscripted letter are significantly different at P Ͻ 0.05. An asterisk indicates a significant difference (P Ͻ 0.05) from members of ob/ob-ob/ob control pairs included in Table 3 . be small because the transplants in female db/db mice were decreased by proportionally the same amount as those in male db Lepr /db Lepr mice in which the cell size distribution of the transplant was identical to that of endogenous fat.
In Experiment 2, the size of wild-type transplants, which express leptin receptors (27) , increased in a hyperleptinemic environment. These results are also consistent with those from studies by Ashwell and colleagues (3, 5, 34) , which showed that fat transplanted from a lean to an obese mouse takes on the morphological characteristics of the recipient and change in size, according to endogenous fat mass. The same results were obtained whether the obese mouse was an ob/ob, db/db, or obese yellow (A y ) mouse (5, 34) . In our studies, the response was not influenced by the sex of the recipient mice, whether or not the recipient expressed short-form leptin receptors or the anatomic origin of the fat depot that was transplanted. Therefore, we have confirmed that differences in adipose tissue morphology from lean and obese mice are due to extrinsic and not intrinsic factors (3) .
The recipient mice in Experiments 1 and 2 were deficient in both peripheral and central leptin receptors (42) . GTG-mice lose leptin sensitivity in hypothalamic tissue (1) , and once they are obese, it is likely that they are also resistant to peripheral leptin administration; ob/ob mice are leptin deficient (47); and A y mice are resistant to peripheral leptin, but very responsive to central leptin (11) . Therefore, in all experiments that show lean fat taking on an obese morphology, the recipient mouse had some degree of leptin resistance. By contrast, in Experiment 3, when fat lacking leptin receptors, but expressing leptin, was transplanted into a mouse that expressed leptin and leptin receptors, the transplants decreased in size. The parabiosis study tested whether a functional leptin system in the recipient mouse explained the decrease in size of transplants in wildtype mice (Experiment 3 and Ref. 39) . In this experiment, the transplants decreased only when there were both leptin and leptin receptors present in the recipient parabiotic pair (db 3J / db 3J -ob/ob pairs). We hypothesize that leptin induces release of additional circulating factors and that these factors then act on white adipocytes to reduce cell size. In a lean mouse, leptin would act on endogenous leptin receptors, and the released, but unidentified, factors would control the size of the transplant. In parabiosed mice, leptin from the db/db partner would activate leptin receptors in an ob/ob partner which, in turn, would release the hypothesized factors. These factors would then travel back into the db/db partner and reduce the size of the transplant. The change in size of transplanted fat in all of the experiments described here was consistent with this hypothesis. The parabiosis experiment was very short because the relatively high levels of leptin that develop in ob/ob partners of db/db mice cause a dramatic inhibition of food intake and body weight (13) . The exaggerated leptin sensitivity of ob/ob mice was illustrated in Experiment 4 by the observations that leptin released by a 300-mg transplant of wild-type fat was enough to reduce the size of some fat depots compared with those in pairs of ob/ob mice that did not receive fat transplants. Even though the presence of the transplant reduced the fat content of the recipient ob/ob mice, there was no change in the size of the fat transplant during the experiment, which suggests that the small amount of leptin that was released, which was not detectable as a change in serum leptin concentration, was not enough to induce release of significant quantities of the unidentified circulating factors. These results also indicate that leptin modified whole animal body composition through a mechanism that did not influence the transplant. It is possible that the leptin released from the transplant acted centrally to decrease food intake and increase sympathetic nervous system activity, which would have promoted thermogenesis of the recipient mouse (9) . Increased sympathetic drive to adipose tissue could also decrease endogenous body fat; however, we and others have found that peripherally administered leptin can reduce the size of white fat depots independent of an increase in norepinephrine turnover (40, 46) . By contrast to the results from ob/ob-ob/ob pairs, transplanted fat from wild-type mice decreased in the db/db partners of ob/ob mice. In these pairs of mice, leptin was transported from the db/db mouse into the ob/ob partner that expressed leptin receptors. The exchange was not 100% efficient, but the amount of leptin present in the circulation of ob/ob mice was as high as would be found in a diet-induced obese wild-type mouse (41) . We propose that activation of leptin receptors in ob/ob mice led to the release of additional circulating factors that were then transported back into the db/db mouse and were able to reduce the size of the transplanted fat (see Fig. 6B ). We did not determine which tissue is responsible for the release of the hypothesized circulating factors because leptin receptors are widely distributed in peripheral tissue of mice. The identity of the factor or factors is also unknown. Any protein that is functional in parabiosed mice must be relatively stable in the circulation because hormones with a short half-life, such as insulin, will be cleared from the circulation faster than they can exchange between members of a pair (19) . Leptin has a half-life in the circulation of ϳ25 min and still does not reach equilibrium in parabiosed mice (21) . Leptin is known to influence the release of other hormones, such as corticosterone (22) and glucagon (44) , but the half-life of these proteins is short and they are unlikely to exchange between parabionts in significant amounts. The reduction in size of db/db transplants placed in wild-type mice was associated with a decrease in cell size, which implies net mobilization of stored lipid. We have previously reported that serum from overfed obese rats contains a factor that inhibits adipocyte lipogenesis. This factor is a protein of molecular weight greater than 30 kDa and may be glycosylated (16) . Further experiments are needed to determine whether the "antilipogenic" factor is responsible for the changes in transplant cell size that were observed in experiments described here.
Others have reported that fat transplants influence whole body glucose metabolism of the recipient (10, 25, 28, 43 ), although there is some disagreement on which type of fat is most beneficial. Tran et al. (43) compared the effect of transplanting subcutaneous or intra-abdominal fat either subcutaneously or in the peritoneal cavity of mice. Transplants originating from subcutaneous (ING) fat inhibited growth, reduced body fat, and improved insulin sensitivity in the recipient, whereas transplants originating from intra-abdominal (EPI) fat had none of these beneficial effects. The beneficial effects of subcutaneous vs. intra-abdominal fat has been attributed to the type of immune cells present in each fat depot with subcutaneous fat being anti-inflammatory and intra-abdominal fat being proinflammatory (26) . In experiments 1 and 2 described here, we transplanted ING fat in female mice and EPI fat in male mice. There was no change in glucose or insulin of either male or female transplant recipients; therefore, it did not appear that the source of the transplanted fat had any impact in db/db mice. The difference between this study and that of Tran et al. (43) could be explained by the obesity of the recipient mice and the relatively small size of the fat transplants in our study. Tran et al. (43) used transplants that were at least five times larger, and they were placed in lean, insulin-responsive recipients. In addition, obesity of the db/db mice is associated with a proinflammatory state, and although their inguinal fat contains less macrophages than their intra-abdominal fat, the infiltration is still much higher than in fat from lean animals (36) . Therefore, ING transplants originating from a db/db mouse may not have the anti-inflammatory profile found in fat from a lean mouse (35) , and the anti-inflammatory benefit conferred by an ING transplant donated by a lean mouse would likely be too small to influence the metabolic state of a db/db mouse.
There was no effect of the transplanted fat on the body composition of the recipient db/db mice in either Experiment 1 or 2. This differs from results reported for fat transplants in lean mice (39) , but it is possible that even if the mice had compensated for the increase in body fat, it was too small for a change to be detected. The final size of the transplants was ϳ1 g in mice that had a total body fat mass of 25-30 g and a standard error for a group of up to 3 g. By contrast, lean mice that received transplants in Experiment 3, especially females, tended to compensate for the increase in body fat by reducing the size of their endogenous fat depots, consistent with previous reports that lean mice compensate for the increase in body fat caused by a fat transplant (39) . In our experiment, endogenous inguinal fat appeared to be the most responsive to the addition of fat as a transplant, but this was the only subcutaneous depot measured, and it is possible that other subcutaneous fat depots were also responsive. Other investigators have failed to find compensation for increased fat mass in animals receiving transplants. Lacy and Bartness (30) reported that Siberian hamsters do not reduce body fat to compensate for dorsal subcutaneous fat transplants, and Foster et al. (10) reported no compensation for intra-abdominal fat transplants in rats. Hocking et al. (25) found that transplants of subcutaneous fat into the intra-abdominal space reduced the size of endogenous fat depots in male mice, but transplanting intra-abdominal fat subcutaneously did not. Therefore, there appears to be a complex interaction between the source of the transplant, the site at which the transplant is placed, and the species or strain of the animal that determines whether or not a recipient compensates for transplanted fat. These results do not detract from evidence that leptin is involved in the control of body fat, because in the experiments reported here, transplants increased fat mass without a simultaneous measureable increase in circulating leptin, except in ob/ob transplant recipients. By contrast, enlargement of endogenous fat depots would be expected to be accompanied by an increase in circulating leptin.
In summary, the results from the experiments described here confirm previous reports that the morphology of white fat is determined by factors that are present in the environment, rather than endogenous to white fat cells. A transplant does not have to express leptin receptors to take on the same morphology as the endogenous fat of the transplant recipient because fat from db/db mice reduced in size when placed in a lean wild-type mouse. Conversely, fat from wild-type mice, which expressed leptin receptors, enlarged when placed in a hyperleptinemic, obese db/db mouse. The results from the parabiosis study suggest, however, that currently unidentified circulating factors may be responsible for the reduction in size of transplants that are placed in a wild-type mouse and that release of these factors is dependent upon a functional leptin system in the recipient mouse.
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